In this paper, we examine multicarrier transmission over time-varying 
I. INTRODUCTION
The explosive growth of wireless communications is creating the demand for highspeed, reliable, and spectrally-efficient communication over the wireless medium.
There are several challenges in attempts to provide high-quality service in this dynamic environment. These pertain to channel time-variation and the limited spectral bandwidth available for transmission. In this paper we are concerned with the role of time-variation in transmission of multicarrier modulated signals and the design of schemes to handle such variations.
Multicarrier transmission for wireline channels has been well studied [1] . The main advantage of orthogonal frequency division multiplexing (OFDM 1 ) transmission stems from the fact that the Fourier basis forms an eigenbasis for time-invariant(DMT) channels. This simplifies the receiver and leads to inexpensive hardware implementations, as the equalizer is just a single-tap filter in the frequency domain (under the assumption that the channel is time-invariant within a transmission block). Furthermore, combined with multiple antennas [2] , [3] , OFDM modems are attractive for high data rate wireless networks (Wireless LANs and Home Networking). However, the block time-invariance assumption may not be valid at high mobile speeds or when there are impairments such as synchronization errors (e.g., frequency offsets). In such situations, the Fourier basis need not be the eigenbasis, and the loss of orthogonality (of the carriers) at the receiver results in inter-carrier interference (ICI). Depending on the Doppler spread in the channel and the block length chosen for transmission, ICI can potentially cause a severe deterioration of quality of service (QoS) in OFDM systems. Essentially, ICI arises from "time-selectivity" of the channel and therefore is the frequency-domain dual of the inter-symbol interference (ISI) seen in single-carrier transmission over frequency-selective channels.
Given the direct relationship between achievable data rate and the Signal-To-Intercarrier-Interference-Plus-Noise Ratio (SINR) at every subcarrier (see, e.g., [1] ), ICI has a negative impact on the data throughput, as it effectively decreases the SINR. Starting from an analysis of the ICI impact on system performance, we develop herein an ICI mitigation scheme for both single-input single-output (SISO) and multiple-input multiple-output (MIMO) OFDM systems. Founded upon optimum block linear filters and practically realizable channel estimation techniques, our proposed scheme significantly improves the SINR (which serves as a figure of merit for the system performance) over a wide range of channel and system configurations.
In SISO OFDM, carrier frequency errors induce a structured ICI pattern which can be eliminated using either training-based or blind techniques (see, e.g., [4] and ref-
erences therein). The frequency offset manifests itself as a multiplicative factor in the frequency channel response (at each subcarrier of the FFT grid), and once the frequency offset has been estimated, it can be removed rather easily. Without estimating the carrier offset, transmit precoding can be employed to suppress its impact on ICI (see, e.g., [5] and references therein). On the other hand, Doppler-induced ICI appears to be more challenging. In SISO OFDM, previous studies have quantified the effects of ICI on the system performance: [6] uses central limit theorem arguments to model ICI as a Gaussian random process and quantify its impact on bit error rate (BER), whereas [7] presents results for a number of different Doppler spectra. Ref-
erence [8] focuses on the wide-sense stationary uncorrelated scattering (WSSUS) [9] channel to show that if the OFDM block duration is greater than 8% of the channel coherence time, then the SINR (due to ICI) is less than 20dB (see also [10] and references therein).
Similar to SISO OFDM, MIMO OFDM is sensitive to Doppler and carrier frequency errors which destroy the subcarrier orthogonality and give rise to ICI. MIMO OFDM may be equipped with transmit and/or receive diversity (see, e.g., [11] , [2] ), and may build upon beamforming, space-time coding, and interference cancellation (to name just a few techniques) to increase the achievable data rates over the wireless medium.
Our ICI-mitigating designs encompass generic MIMO OFDM systems. In particular,
for space-time-coded transmissions, we illustrate through simulations the significant SINR gains by our approach.
Compensation for Doppler-induced ICI hinges upon the estimation of the timevarying channel. When the OFDM block duration is less than 10% of the channel coherence time, [12] argues that the channel can be assumed to vary in a linear fashion (and, as a result, it can be obtained by linear interpolation between two channel estimates acquired from training blocks). When the OFDM block duration is much smaller than the channel coherence time (relatively mild Doppler), the channel can be assumed approximately constant (over an OFDM block), and its estimation has been thoroughly studied (see [10] and references therein). For rapidly time-varying environments, and for the cases where the channel obeys a parsimonious model, techniques in [13] , [14] can be used for channel estimation and tracking. In this work, we look at severe Doppler cases, where the channel can no longer be assumed constant within a transmission block: for such rapidly time-varying channels, we develop a novel estimation method.
Our contributions in this paper can be summarized as follows
We develop a model for inter-carrier interference applicable to MIMO channels.
We present an ICI analysis for MIMO-OFDM.
We propose a time-domain filtering scheme for mitigating ICI.
We propose a channel estimation and tracking scheme for estimating the timevarying (within transmission block) channel parameters.
We propose a pilot tone placement scheme (which works in conjunction with the channel estimation scheme).
The following is an overview of the paper organization. In Section II we present the model and the notation used in the paper. We present an ICI analysis for MIMO OFDM in Section III, and, in Section IV we develop optimum block linear filters which suppress ICI and yield significant SINR improvement. In Section V, we address the problem of estimating a rapidly time-varying channel, and in Section VI we present illustrative simulations. Finally, in Section VII we conclude with some discussion.
II. DATA MODEL
The input data fx(k)g is passed through the filter g(t) to produce the transmitted signal s(t). The received signal can be written as varying channels can be found in [16] . In this paper, we assume that this criterion is met and therefore we have the following discrete-time model
where h(k; l) represents the sampled time-varying channel impulse response (which combines the transmit filter g(t) with the physical channel h c (t; )). The approximation of having a finite impulse response in (2) can be made as good as we need by choosing [16] . In this paper, we focus on the discrete-time model given in (2) . For the case of multiple transmitter and receiver diversity channel with M r receive and M t transmit antennas, we can easily generalize this model to
where H(k; l) 2 C Mr Mt is the l th tap of the matrix response with x(k) 2 C Mt as the input, y(k) 2 C Mr is the output, and z(k) 2 C Mr is the complex additive temporallywhite circularly-symmetric Gaussian noise with z(k) CN(0; R zz ), i.e., a complex Gaussian vector with mean 0 and covariance R zz . The noise is assumed independent of the input. Throughout this paper, we impose an average power constraint on the input which is assumed to be zero mean, i.e., E jjx(k)jj 2 ] P. The specific structure of fH(k; l)g could be constructed by assigning a special structure to H c (t; ) (for example a discrete multipath channel).
Over a time block of N symbol durations, Equation (3) can be expressed in matrix notation as 
Note that the form of the model in (6) is applicable to more general transmission scenarios than using OFDM. We can replaceQ by any arbitrary matrix B and for a given structure of the guard interval (prefix), we can find the specific structure of G (as in (8) for OFDM) for that case.
In the case when we have transmit and receive diversities we can modify (6) to 
III. ICI ANALYSIS
We start with the data model given in (9) which we rewrite below The channel between the i th receiver and the j th transmitter is uncorrelated with the channel between the k th receiver and the l th transmitter when i 6 = k or j 6 = l. That is, elements of H (i;j) are uncorrelated with the elements of H (k;l) . Moreover, we assume that the channels fh
These statistical assumptions on the channel are not crucial and the analysis can be accomplished without these assumptions. However, they do simplify the algebra and expose the important issues that we need to point out. Given these assumptions we can make the following observation. Given these statistical assumptions we can now proceed to evaluate the covariance
where we have defined R XX (p; n) = E X(p)X H (n)]. Equation (13) indicates that the basic component of the calculation is E G(m; p)R XX (p; n)G H (m; n)]; this is what we focus on next. February 4, 2002 We start from the observation that we can do an eigendecomposition of the signal covariance matrix as R XX (p; n) = U(p; n) X (p; n)U H (p; n) where U(p; n) is a unitary matrix. From Fact (III.1), the matrix G(m; p) has i.i.d. Gaussian elements (i.e., G(m; p) is isotropically distributed), which implies that the matrix G(m; p)U(p; n) is distributionally equivalent to G(m; p) (note that if we apply a unitary transformation on an i.i.d. Gaussian matrix the resultant matrix is also an i.i.d. Gaussian matrix with the same distribution). Hence, we can rewrite E G(m; p)R XX (p; n)G H (m; n)] in the following way (14) where X (p; n) = diag( 1 (p; n); : : : ; Mt (p; n)) is a diagonal matrix of the eigenvalues of R XX (p; n). Now, let us examine the elements of the matrix given in (14) . The (r; s) th element is
where (a) is due to the assumption that the channels on different links are uncorre- 
This analysis points to a few issues worth noting
The ICI is accentuated with the presence of multiple transmit antennas (i.e., M t > 1).
The covariance of the ICI is spatially white in (17) due to the assumption that the channel matrices H (i;j) were assumed to be so. We can analyze spatial correlation with similar techniques, but the expressions turn out to be a little more complicated without adding much more insight.
Multiple receive antennas could be used to mitigate the ICI. For example, the ICI term in (12) can be seen as interference, and hence using multiple receive antennas we can do either zero-forcing or MMSE interference suppression purely in the spatial domain [18] . However, this might require many receive antennas depending on the amount of dominant ICI. In order to also utilize the additional available degrees of freedom (dimensions) in the time-domain, we examine next a combined time and spatial domain approach.
IV. TIME-DOMAIN ICI MITIGATION TECHNIQUE
Henceforth, we focus on the case M t = M r = M as it brings out the essential ideas without unduly complicating the algebra. Extending the analysis to the general case is straightforward. Therefore, as M r = M t = M, for notational convenience using (11) we write Q = Q (Rx) = Q (Tx) .
To combat ICI, the length-N M received vector y is multiplied by an NM NM matrix (corresponding to an NM-tap time-varying filter) W resulting iñ y = Wy = W(Hx + z) = WHx +z ; (17) where the colored noise vectorz has auto-correlation matrix Rzz = 2 z WW H . Taking the DFT of both sides of (17), we get
Note here that G captures the effect of filtering with W. In contrast, in Equation (10), G captures the effects of ICI before the filtering operation. Next, we show how to design linear ICI-cancellation filters for OFDM. We start with the SISO case (M = 1)
and then extend the design to the MIMO case.
A. Optimum Linear ICI-Cancellation Filter for SISO OFDM
Using (18), we can express the SINR at the m th frequency bin (1 m N) as follows [19] SINR m = E x;m j G(m; m)j 
where E x;n is the input energy allocated to the n th frequency bin. We assume that the channel is unknown at the transmitter. Therefore, the total input energy E x;tot is divided equally across all frequency bins, i.e., E x;n = Ex;tot N def = E x . Under this assumption
and defining e i to be the i th unit vector, Equation (19) 
B
. An Alternative Form
We can avoid the need to computeR Therefore, only one inverse, namely that of the output auto-correlation matrix R yy , needs to be computed. In summary, the optimum filters w m;opt are computed as follows 1. Compute R 1 yy (using channel estimates obtained with pilot tones and interpolation or using an ensemble average from several received vectors y). Finally, we note that computational complexity can be further reduced using a lowrank approximation of R yy (this technique has been used in [20] as part of the channel estimation process).
C. ICI Cancellation Filter for MIMO OFDM
We can express the SINR for the j th transmit antenna and the k th frequency bin, denoted by SINR j k , in MIMO OFDM as follows 4 It is worth emphasizing that the filter W opt calculated above performs joint intercarrier and inter-antenna interference suppression. With zero Doppler, the matrix H will be block circulant, hence the matrix QHQ H will be block diagonal (i.e., interantenna interference is still present). However, the matrix QW opt HQ H will be (approximately) diagonal indicating that the matrix filter W opt in this case acts also as a linear "multi-user" detector that suppresses inter-antenna interference.
SINR

D. Space-Time-Coded OFDM
In this section, we will explore a special case of coded MIMO OFDM, namely a space-time block-coded OFDM with two transmit and one receive antennas, i.e., M t = 2 and M r = 1 (the analysis can be extended to the case M t > 2 and M r > 1). We study a space-time block-coded OFDM system based on the the Alamouti code [21] (as first proposed in [22] ): though details can be found in [22] , the basic mechanism is as fol- 
where X (1) represents the information-bearing vector for the first OFDM block and X (2) corresponds to the second OFDM block 5 .
Our goal is to understand the effect of channel time-variation over such a transmission scheme, and the performance of optimal MMSE receiver structures. Using (12) we can write the output of two consecutive OFDM blocks as Now it can be seen that the mathematical structure of the Alamouti-coded OFDM is identical to that of the MIMO OFDM (with ICI) structure defined in (12) 
V. CHANNEL ESTIMATION AND TRACKING
In this section, we address the challenging problem of channel estimation in an OFDM system with severe Doppler and we propose a promising technique based on channel interpolation and judiciously-placed pilot tones. Throughout this section, we assume M r = M t = 1.
In a time-varying environment, estimation of H amounts to estimating N channels h n := h(n; 0); : : : ; h(n; 1)] T , 0 n N 1, that comprise the rows of H; in other words, we need to estimate N parameters. This number of parameters can be significantly reduced if a priori knowledge about the channel dynamics is available (see, e.g., [23] ), or if it is assumed that the channel is quasi-static (i.e., constant within an OFDM block, but varying from block to block). Although it has been shown that the aforementioned methods have provided promising results, both of them rely on assumptions which do not necessarily hold true in the OFDM environment considered in this work. On the one hand, we have made no assumptions about the underlying channel structure; on the other hand, our work addresses scenarios where there is significant ICI and, as a result, the channel cannot be assumed quasi-static.
Given the minimal set of assumptions on the structure of the underlying channel, the estimation of H appears, at first sight, to be a daunting task. Even when a full training block is used (in other words, all OFDM subcarriers are pilot tones), we have available only N values for the estimation of N parameters. To reduce the number of parameters needed for channel estimation from N to less than N, we make the reasonable assumption that some of the channels h n can be obtained by linear interpolation. Such an assumption holds true if there is not significant variation between channels h n and h n+1 , 0 n (N 2), and as we illustrate later on, channel interpolation does not have a significant negative impact on the achievable performance of our methods. Furthermore, channel interpolation transforms a seemingly very difficult problem to a tractable one, as we will shortly see.
The basic idea of using interpolation to reduce the number of parameters is as follows. We parameterize the matrix H by using a small number of its rows. We then express the entire matrix as a function of these rows and therefore reducing the number of parameters to be estimated. Physically, this puts "markers" in time where the channel is estimated, and the estimates at other times are interpolated using these estimates. Let us consider M channels h m(1) , : : : , h m(M) which form M rows of the channel matrix H; let us denote by M:=fm(1); : : : ; m(M)g the set of these rows. Our method is based on the assumption that each channel h n , n 6 2 M, can be expressed 
For example, when the channel process fh n g is Gaussian, then such a linear interpolation is optimal in the MMSE sense. Note that in (29) we have used the same M 1 weight vector a n for all of the channel taps of h n : using the same weight vector is a direct consequence of the assumption that h(n; 0), : : : , h(n; 1) are i.i.d. processes for every n (but there is correlation between h(n; l) and h(m; l) for n 6 = m).
In Section V-C, we present guidelines on the choice of the weight vectors a n 's. In the following section, we study how channel estimation can be accomplished using pilot tones.
A. Channel Estimation Using Pilot Tones
Let us denote by H C (h m ) the N N circulant matrix which we would have in the OFDM system if the underlying channel was fixed and equal to h m , i.e.,
H C (h m ):= 2 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 4 h(m; 0) 0 h(m; 2) h(m; 1) h(m; 1) h(m; 0) h(m; 3) 
Using (29) and H,H differ only in the second "interpolated" row. Unfortunately, this approach does not produce reliable channel estimates, because B (P ) is not full column rank. As we prove in the appendix, B (P ) has rank irrespective of the choice of interpolation coefficients fa n g n6 2M . Consequently, channel estimation is not possible if we look only at "isolated" pilot tones. Intuitively, this is not a surprising result as we study a system where ICI is not negligible -hence, we should account for the ICI in the channel estimation process. The important practical implication of this fact is that in OFDM systems with severe ICI, pilot tones should not be placed far apart from each other, but rather they should be grouped together. Before we explore the reasons for this grouping of pilot tones, let us note the contrast with OFDM in time-invariant or slowly time-varying environments, where it has been shown that the pilot tones should be equi-spaced [24] , [25] . Extension of this technique to MIMO OFDM is straightforward.
B. Placement of Pilot Tones
Unlike time-invariant or slowly-time varying OFDM systems where pilot tones should be equi-spaced [24] , [25] , our proposed channel estimation method implies that pilot tones should be grouped together (but in more than one group). In this section, we quantify this observation and propose a pilot tone placement scheme. For analytical tractability, we start from the case = 1 which corresponds to channels which are time-varying but not frequency-selective. Work on PSAM (Pilot Symbol Assisted Modulation) [26] has suggested that, for Rayleigh flat-fading channels, pilot symbols should be placed periodically in the time domain to produce channel estimates; the coherent detection of the transmitted symbols is based on the interpolation of these channel estimates. The periodic transmission of pilot symbols in the time domain suggests a grouping of pilot tones in the frequency domain -an intuitive idea explored by the ensuing discussion.
We adopt as figure of merit the approximation error e(p) in (43) ] is minimized if we place all pilot tones q 6 = p as close to p as possible. It is implied that for time-selective channels, pilot tones should be grouped together. On the other hand, in frequency-selective time-invariant channels, placing the pilot tones equispaced on the FFT grid is the optimal scheme [24] , [25] . Intuitively, for frequency-selective time-varying channels, the pilot tones should be grouped together, but in more than one group. As we discuss in the simulations section, we have found that our channel estimation method indeed produces the best results when the pilot tones are partitioned into equispaced groups on the FFT grid.
C. Selection of the Interpolation Weight Vectors a n
Without imposing any assumptions on the underlying channel variations, linear interpolation appears to be the simplest method for choosing the weight vectors a n . On the other hand, if a priori knowledge about the underlying channel model is available, more sophisticated channel interpolation schemes can be devised. Let us suppose that the channels follow the Jakes model [27] : E (h(m; l)h H (n; l))] = J o (2 f d (m n)T), with f d denoting the Doppler frequency, and T denoting the symbol period. Then, the calculation of the interpolation weights is straightforward. For example, if we fix rows h 0 , h N=2 1 , h N 1 , the set of weights a n = a n (1); a n (N=2 1); a n (N 
D. Channel Tracking
Under relatively mild Doppler, the quality of the channel estimates (and, consequently, the SINR gains of our ICI mitigating methods) can be improved by channel tracking. A simple tracking scheme is the following: an initial channel estimatê H (0) can be obtained by transmitting a full training block; subsequent blocks contain pilot tones which are used to acquire new estimates H 0 (n) . The channel estimate for the n th OFDM block is obtained using a forgetting factor as followsĤ (n) = Ĥ (n 1) + (1 )H 0 (n) (see, e.g., [24] for a similar method in SISO OFDM). Frequent re-training can further improve the quality of the channel estimates at the expense of the overhead of the training symbols. As we illustrate in the simulations section, the aforementioned tracking technique results in higher SINR gains (as channel estimates become more accurate).
VI. NUMERICAL RESULTS
In this section, we present numerical examples which illustrate the SINR improvement due to the W filter in both SISO and MIMO OFDM systems. As the design of W depends on channel knowledge, we also study the accuracy of our channel estimation method and the penalty it incurs on the SINR. The SINR metric expresses the SINR improvement over all subcarriers and since it depends on the channel realization, in all figures we depict the average SINR over 1000 random channel matrices H. The entries of H were generated using the Jakes model, with = 4, and each channel tap modeled as a complex Gaussian random variable N(0; 1).
SINR improvements with known channel: First, we look at the SINR improvement due to the W filter in SISO OFDM with perfect channel knowledge. Fig. 2 SINR improvements with estimated channel: Fig. 3 illustrates the performance penalty Pilot Tone Placement Scheme: Fig. 5 It is clear from Fig. 5 that the placement of pilot tones has a significant impact on the This is due to the large variation across the channel matrix rows which invalidates the assumption that some channel rows can be expressed as a function of as few as three channel rows.
SINR improvements in MIMO OFDM: Finally, Fig. 7 illustrates the SINR gains achieved in space-time block-coded OFDM transmissions where the channel is perfectly known at the receiver. As described in Section IV-D, the filter W of Section IV-C operates on two consecutive transmission blocks and we define the SINR as the geometric average of the gains achieved over the tones of the two blocks, i.e., SINR = p SINR (1) SINR (2) :
Similar to Fig. 2 , we can clearly see the SNR improvements that the MIMO filter W yields.
VII. CONCLUSIONS
In this paper we have analyzed the effect of inter-carrier interference on MIMO-OFDM.
The cause of such an impairment is time-variation within a transmission block and occurs in practice due to both Doppler spread of the transmission channel and syn-chronization errors. We proposed time-domain filtering-based ICI mitigation techniques which cascade the time-varying channel with a receive filter so that the overall channel is approximately (in the appropriate mean-square-error metric) time-invariant.
The associated problem of estimating such a rapidly-varying channel was addressed and a novel estimation scheme was proposed. Coupled to the proposed channel estimation scheme is the issue of pilot tone placement. Examination of this issue showed that non-uniform placement of pilot tones and in particular grouping of tones into clumps equispaced on the FFT grid is effective for these situations. Numerical results illustrating these techniques were also presented. Without any assumptions on the underlying physical channels, we adopt the linear interpolation scheme for the selection of the weights a n of (29); hence, we set a n = N 1 n N 1 n N 1 T ; 1 n N 2 :
With the aid of (32) ; for p 6 = q :
Similarly, we can verify that b p;q N 1 (0) = b p;q 0 (0) ; for p 6 = q : Hence we obtain p;q = 2(1 )jb p;q 0 (0)j 2 which, with the aid of (48), finally yields p;q = 2(1 ) (N 1) 2 (1 cos(2 (p q)=N)) ; for p 6 = q :
(49) Equation (49) constitutes an intuitive result: the further a tone q is from p, the less its interference on tone p is.
